With the potential wide uses of nanoparticles such as carbon nanotubes in biomedical applications, and the growing concerns of nanotoxicity of these engineered nanoparticles, the importance of nanoparticle-protein interactions cannot be stressed enough. In this study, we use both experimental and theoretical approaches, including atomic force microscope images, fluorescence spectroscopy, CD, SDS-PAGE, and molecular dynamics simulations, to investigate the interactions of single-wall carbon nanotubes (SWCNTs) with human serum proteins, and find a competitive binding of these proteins with different adsorption capacity and packing modes. The π-π stacking interactions between SWCNTs and aromatic residues (Trp, Phe, Tyr) are found to play a critical role in determining their adsorption capacity. Additional cellular cytotoxicity assays, with human acute monocytic leukemia cell line and human umbilical vein endothelial cells, reveal that the competitive bindings of blood proteins on the SWCNT surface can greatly alter their cellular interaction pathways and result in much reduced cytotoxicity for these protein-coated SWCNTs, according to their respective adsorption capacity. These findings have shed light toward the design of safe carbon nanotube nanomaterials by comprehensive preconsideration of their interactions with human serum proteins.
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competitive adsorption | nanoparticle-protein corona | hydrophobic interactions | conformational flexibility C arbon nanotubes (CNTs) have a broad range of potential applications, including nanoelectronics (1), biosensors (2) , biomolecular recognition devices and molecular transporters (3, 4) , and cancer therapy and diagnoses (5-7), because of their extraordinary mechanical, electronic, optical, geometric, and biological properties. Both the pharmacological (8, 9) and toxicological (10) (11) (12) (13) (14) (15) profiles of CNTs have attracted much attention in recent years. Nanomedicine provides a great potential in fighting many diseases but a global effort is much needed to safely translate laboratory innovations into clinic trials. Seven grand challenges have been proposed for this endeavor (16) . CNTbased multimodality imaging and therapy have been proposed for a variety of medical applications, such as carriers for chemotherapeutic drugs (17, 18) , Raman detection and imaging (19, 20) , photoacoustic imaging, and photothermal therapy of cancers (6, 21) . Meanwhile, of equal importance there is the emerging field of nanotoxicology, which aims to address the biosafety of these engineered nanoparticles, in particular, how these nanoparticles interact with human proteins in vivo (22) (23) (24) (25) .
Many studies have been performed on the biological effects of carbon nanotubes, and the interactions between proteins and CNTs (nanoparticle-protein corona) are believed to play an important role in the biological effects of CNTs (26) (27) (28) . For example, CNTs could bind with pulmonary surfactant proteins A and D and then lead to susceptibility of lung infection and emphysema in mice (29) . When the functionalized CNTs were bound to the α-chymotrypsin, the complex could inhibit enzymatic activity (30) . On the other hand, there could be potential positive outcomes as well. Promising uses of nanoparticles include increasing protein stability toward enzyme degradation and increasing the activity of enzymes via immobilization at protein surfaces (31) . Interactions of CNTs with some proteins can also enhance their biocompatibility (25) or enable the protein-modified nanotubes to be nontoxic or less toxic than the pristine CNTs (32) .
Protein binding to the surface of nanoparticles depends on their surface characteristics, composition, and method of preparation. However, no previous efforts have been made to unveil the underlying mechanism that governs the interaction processes and adsorption capacities of different blood proteins when they competitively bind onto CNT surfaces. In biomedical applications or environmental inhalation exposure of CNTs, our blood circulatory system will most likely be the first interaction organ exposed to these CNTs or CNT-based nanomaterials. Therefore, a better understanding of the interactions between CNTs and blood proteins may help to better clarify the potential risks of CNTs, as well as the related cellular trafficking and systemic translocation. In this study, we employed both experimental [fluorescence spectroscopy, CD, atomic force microscopy (AFM), and NMR spectroscopy] and theoretical approaches (molecular dynamics simulations; refs. 33, 34) to investigate the single-wall carbon nanotube (SWCNT)-protein interactions. We found a surprisingly competitive binding of different blood proteins onto the surface of SWCNTs, with different adsorption capacities and packing modes. The results indicate that these competitive binding behaviors of blood proteins on the SWCNT surfaces are governed by each protein's unique structure and the amount of hydrophobic residues that each protein contains. These different protein-coated SWCNTs will then have different cytotoxicity by influencing the subsequent cellular responses.
Results and Discussion AFM Images of Proteins After Incubation with SWCNTs. High-purity SWCNTs were used and their characteristic details, including impurity, catalyst metal residues, and morphology, are listed in Fig. S1 . AFM has been widely applied to monitor interactions between biological species and nanoparticles (35, 36) . The AFM images of native proteins were provided in Fig. S2 . We found that the adsorption models of SWCNT for different proteins were different and greatly depended on their protein structures (Table S1 ).
Bovine Fibrinogen (BFG). BFG molecules are found to bind to SWCNTs nonuniformly during the initial adsorption process (Fig. 1A , Top), and were prone to interwinding and forming aggregations onto the surfaces of SWCNTs, probably because of their large molecular length and cord-like structure. Accordingly, the CD spectrum of BFG had obvious changes when incubated for only 10 min (Fig. 1G, Top) . For example, the α-helices and random coils are significantly reduced, whereas β-sheets are increased (see Table S2 ). With the increase of the incubation time, these changes in the protein secondary structures did not have much recovery. The nonuniform adsorption of BFG protein molecules might be related to the large contact surfaces of BFG available to SWCNTs (thus might not be in a final thermodynamically stable state yet). After 5 h, BFG protein molecules tended to form a well rdered and thermodynamically stable state (Fig. 1B,  Top) . Note that the BFG-SWCNT complex shows a node shape, which suggests that the chain of BFG protein tends to enwind along the surface of the SWCNT, and all the studied proteins (except BSA) on the SWCNT surfaces have similar node-like shapes. Very interestingly, the interval (distance) between two neighbor nodes changes regularly with the change of proteins, which may correlate with the number of hydrophobic amino acids on the protein surface (Table S1 ).
Gamma globulin (Ig). The gamma Ig is also a relatively large globular protein (molecular mass is 150 kDa) and has two antigenic determinants. Similar to the behavior of BFG, Ig molecules bond themselves to the surface of the SWCNT in nonuniform form in the beginning (Fig. 1A, Second Row) . Thermodynamically unstable nonuniform adsorption of SWCNT for protein aggregations tended to convert to thermodynamically stable closepacked aggregates on the surface (Fig. 1 A and B , Second Row). After 10 min, the CD spectra of Ig had significant changes (Fig. 1G) , with significantly reduced α-helix and increased β-sheets (Table S2 ). With the increase of incubation time, these changes in protein secondary structure persisted. These results indicate that, in a relatively short period of time (<10 min), the nonuniform adsorption of Ig and BFG on SWCNTs caused unrecoverable changes in their protein secondary structures. Transferrin (Tf). The Tf consists of two similar globular structures and has two binding sites of iron, which are located in the N and C terminus, respectively. During the interaction process, Tf molecules adsorbed onto the SWCNT surface to form a complex aggregate like nodes, which nearly uniformly bound to the surface of the SWCNTs (Fig. 1A , Third Row). With the increase of interaction time, the protein adsorption reached the thermodynamic equilibrium, and the Tf-SWCNT binding model remained unchanged during the succeeding 5 h (Fig. 1B , Third Row). These phenomena were confirmed by the Tf CD spectra, which had no meaningful changes in the succedent incubation time of 5 h (Fig. 1A , Third row), indicating few changes on the secondary structure of Tf (Table S2) .
Bovine serum albumin. The BSA molecule has a smaller and relatively spherical structure, and it is found to uniformly bind to the surfaces of SWCNTs. With more and more BSA molecules absorbing to the SWCNT surface, there was no space on the SWCNT surface to bind with more BSA. Therefore, the laterarriving BSA molecules could only stack onto the earlier ones, and accumulated on the SWCNT surface layer by layer quickly (Fig. 1A , Bottom). Similarly, with the increase of the interaction time, the protein adsorption reached the thermodynamic equilibrium, thus the BSA-SWCNT binding model remained unchanged during the 5 h (Fig. 1B , Bottom). After an incubation time of 10 min, the CD spectrum of BSA also had noticeable changes ( Fig. 1G , Bottom) with reduced α-helix and increased β-sheets. However, different from BFG and Ig cases, with the increase of incubation time, these changes in the protein secondary structure had obvious recoveries (see Table S2 ). These findings indicate that the relatively uniform adsorption of Tf and BSA on SWCNTs caused less and/or recoverable changes in protein secondary structures, which are different from BFG and Ig.
To understand the AFM morphology of the protein-SWCNTs complex for different blood proteins, we measured the number of molecules of each blood protein adsorbed on the surface of one SWCNT. The height profile of protein molecules on the SWCNTs after 5 h of interaction is displayed in Fig. 2 . BFG and Ig that have many hydrophobic regions and larger amounts of Trp, Tyr, and Phe amino acids can be attached to the SWCNTs with higher quantities (more discussions below). In fact, they further form thicker layers and more regularly packed and ordered structures, with roughly 15-30 nm in height, on the SWCNT surfaces with the increase of interaction time ( Fig. 1 A and B) . On the other hand, the ordered structures of Tf and BSA can be formed quickly and be less than 20 nm in height (Figs. 1 and 2) after 5 h, respectively. A single protein molecule on an SWCNTsurface was about 2.5 nm in height. The height analysis demonstrated that the numbers of each protein binding to SWCNT surfaces are about five, three, two, and two molecules on average for BFG, Ig, Tf, and BSA, respectively, which seems to show a linear correlation to the number of hydrophobic amino acid on the protein surface.
Molecular Dynamics Modeling of Protein Adsorption by SWCNT.
To elucidate the mechanism of protein adsorption by the SWCNT, up to 150 ns molecular dynamics (MD) simulations, which are widely used in the modeling of both biomolecules (37) (38) (39) (40) and nanoparticles (41) (42) (43) (44) , have been performed for each proteinSWCNTcomplex in explicit solvent. For illustration, we have also plotted some diagrams to indicate the different bindings of various proteins on the SWCNTat 10 min (Fig. 1C ) and 5 h (Fig. 1D) . For example, BFG and Ig proteins bound to the surface of SWCNT in a much looser aggregation state in a short incubation time of 10 min (Fig. 1C) than that in a longer incubation time of 5 h (Fig. 1D ). This looser state might be thermodynamically unstable and tended to convert to a thermodynamically stable state -i.e., a well-ordered "rod-like" structure as shown in Fig. 1D . However, Tf and BSA protein molecules binding to SWCNT could form a stable well-ordered "node-like" structure even in a short incubation time of 10 min (Fig. 1C ) and keep this structure intact for a long time (Fig. 1D) .
The snapshots of MD simulation results describe the preferred binding sites on proteins for SWCNT in detail (Fig. 1E) . We highlighted the hydrophobic residues Tyr, Phe, and Trp within 5-Å distance of the surface of SWCNT in red, green, and yellow, respectively, in van der Waals representation as the key adsorption hydrophobic residues. Only Tyr and Phe were observed in the adsorption region contact to the surface of SWCNT directly, and Trp residues made little contribution for adsorption in the present MD simulations, which are still short in timescale as compared to experiments (because of the enormous computational power needed to carry out these kind of simulations). Fig. 1F further illustrates the detailed orientations of aromatic rings of Tyr (red) and Phe (green) residues as licorice representation interacted with the six-member ring of the SWCNT in different manners for BFG, Ig, Tf, and BSA, respectively, during the strong adsorption between SWCNT and the surface of these blood proteins. There is a positive correlation between the total numbers of Trp, Tyr, and Phe residues and the adsorption content of the proteins, respectively (Fig. 1 C-F) .
In order to illuminate the above positive correlation relationship more clearly, we calculated the contact residue number and contact surface area of various proteins, in adsorption of SWCNT versus time in Fig. 3 . We used the average contact residue number (ACRN) of the protein to quantify its adsorption ability with SWCNT. The ACRN for BFG during 140-150 ns is 94. The ACRN for Ig after its saturation during 70-150 ns is 28. The ACRN for Tf after its saturation during 80-150 ns is 13. The ACRN for BSA after its saturation during 65-150 ns is 12. The relationship of ACRN of various protein complex systems shows an order of BFG > Ig > Tf > BSA, which is compatible with the above simple analysis using aromatic hydrophobic residues. Similarly, we computed the average contact surface area (ACSA) for these blood proteins, which is defined as the difference between the whole solvent-accessible surface area of the protein and the partial solvent-accessible surface area of its exposed portion in the corresponding protein-SWCNT complex. The ACSA for BFG, Ig, Tf, and BSA during the responding time ranges are 43.60, 12.40, 5.81, and 4.68 nm 2 , respectively, which is in good agreement with the experimental analysis results. † The importance of the hydrophobic residue-CNT interactions has also been found in a previous study on peptides' confinement within a carbon nanotube using Langevin dynamics simulations (45) . Brooks and coworkers had shown that the stability of different helix-forming sequences upon confinement to a carbon nanotube is determined by several factors, including sequence, solvent conditions, strength of nanotube-peptide interactions, and the nanotube diameter (45) .
The most abundant Tyr and Phe residues on the surface of the BFG molecule can be attributed to the highest protein quantities binding to SWCNT. Interestingly, the π-cation interactions are also found to play a role, though smaller, in the BFG-SWCNT binding. The average Arg and Lys residues in contact with SWCNT (ACRN-Arg, ACRN-Lys) are found to be about 1.3 and 3.5, respectively (out of the total approximate 94 ACRN above). The other three proteins Ig, Tf, and BSA show similar results, with the (ACRN-Arg, ACRN-Lys) having values of (0.0, 0.2), (1.4, 3.2), (0.1, 2.4), respectively. These findings are consistent with a previous report by Kagan et al., where they found that the interaction sites between human myeloperoxidase and the carboxylated nanotubes were both arginine (π-π-cation interaction) and tyrosine (π-π interaction) residues (46) . It should be noted that, in our current classical force field simulations, there is no polarization captured in the simulations, therefore, the π-cation interactions might be underestimated. Nevertheless, both our experiments and simulations show that the π-π stacking interactions are the driving forces for the competitive binding of human serum proteins onto SWCNTs.
Main Factors Controlling the Interactions Between Blood Protein and
SWCNTs. The kinetics curves of protein adsorption on SWCNTs are showed in Fig. 4A . In the first 5 min, the adsorption rate of each protein was on the order of Ig > Tf > BFG > BSA > ferritin, however, shortly after approximately 5 min, the adsorption rate of each protein was on the order of BFG > Ig > Tf > BSA > ferritin. Thus, a detailed investigation of the main factors controlling the interactions between blood proteins and SWCNTs (and resulting adsorption rates) is of great interest. First, a quick analysis of the number of hydrophobic surface residues shows that there is a similar order for these proteins in terms of their hydrophobic surface residues: 88ðBFGÞ > 37ðIgÞ > 29ðTfÞ > 20ðBSAÞ. These simple analyses and detailed MD simulations both indicate that the serum protein-CNT interactions may be governed by hydrophobic residues within each protein. Note that, because the adsorption capacity and adsorption rate of ferritin to SWCNTs were too low, we did not study ferritin in other tests.
Second, there is a significantly positive correlation between the adsorption amount of protein by SWCNTs and molecular weight or size of protein as shown in Fig. 4B . The overall molecular size is about 6.1 × 8.5 × 7 nm for BSA, 13.2 × 8.9 × 11.8 nm for Tf, 25.3 × 6.5 × 53.5 nm for BFG, and 13.7-27.4 × 16.6 × 6.3 nm for Ig. Thus, the protein volume is approximately on the order of BFG > Ig > Tf > BSA, which is on the same order of the adsorption capacity found above. Although fibrinogen consists of a linear array of three nodules, the carboxyl-terminal region of each of the three chains of fibrinogen is folded independently into a globular domain. The large adsorption capacity of SWCNTs for BFG is probably due to its long size and cord-like structure.
Third, there is a significantly positive correlation between the adsorption amount of protein by SWCNTs and the total number of hydrophobic residues in the protein (Fig. 4C) , indicating that not just the surface hydrophobic residues are involved in these interactions, but the inner ones might be involved as well because of CNT-induced protein conformational changes. Among the 20 amino acids, there are nine hydrophobic amino acids, and their numbers in a protein molecule are listed in Table S1 . Proteins containing more hydrophobic amino acids were more accessible to binding onto SWCNT surface via hydrophobic interactions, consistent with our MD simulations. Among various hydrophobic amino acids, Trp, Tyr, and Phe contain aromatic rings and can be adsorbed by SWCNTs through π-π stacking interactions. We observed a significant positive correlation between the adsorption content of protein onto SWCNTs and the numbers of Trp, Tyr, and Phe residues in a protein molecule (Fig. 4 D-F) . Interestingly, there is also some correlation between the adsorption kinetic efficiency and the degree of aromatic residue burial. For example, protein BFG has the slowest kinetics among all the proteins examined (takes 5 h to form well-ordered rod-like structures), and we find it has the most buried aromatic residues (total 276, with only 88 on surface; see Table S1 ); meanwhile, BSA has much faster kinetics, and it has only 54 aromatic residues with 20 exposed to the surface. Our MD simulations (Fig. 3 ) also confirm this finding-during our 150-ns simulations, the contact number and contact surface area of BFG with SWCNT keep increasing, while other ones reach some plateau. The kinetics (28, 52, 34) in Ig; (8, 26, 28) in Tf; and (3, 21, 30) in BSA, respectively. Amino acid is abbreviated as "aa" in the figure. † It should be noted that in the above analysis, we have made some adjustments for BFG and Ig, because we used only one-half of the hexamer for BFG (one of the two sets of three different chains, α, β, and γ) and one-quarter of the tetramer for Ig in our simulations to reduce the computational cost. Therefore, when compared to the experimental results, both the ACRN and ACSA values need to be adjusted, with the BFG values enlarged by a factor of 2 and Ig ones by a factor of 4.
curves of protein in FBS adsorbed by SWCNTs and protein adsorption on SWCNTs at different concentrations are shown in Fig. S3 . We further analyzed semiquantitatively the amount of "free-proteins" in the supernatant and the "released-proteins" from the protein-SWCNTcomplex using the SDS-PAGE method (Figs. S4-S6 ) and confirmed the competitive binding of different blood proteins to SWCNT (see detailed discussions in SI Text).
Toxicity Evaluation of Highly Packed Protein-Coated SWCNTs. We carried out an additional experiment exploring whether the spontaneous coating of human blood protein influenced the toxicity of SWCNTs in two different human cell lines, human acute monocytic leukemia cell line (THP-1) and human umbilical vein endothelial cells (HUVECs). The results indicated that the highly competitive binding of these proteins on the SWCNT surface can affect the way cells interact and the subsequent cellular responses. Interestingly, we found that any BFG-, BSA-, Tf-, and Igcoated SWCNTs caused less cytotoxicity than uncoated SWCNTs, whereas BFG-coated SWCNTs were hardly toxic (Fig. 5 A and B) . Further fluorescence-based LIVE/DEAD assays showed direct images for dead and live cells after treatment with SWCNTs alone or protein-SWCNTcomplexes (Fig. 5C) , which confirmed the observation in Fig. 5 A and B. In addition, the effects of these SWCNT-protein complexes have similar order to their protein binding capacity, such as BFG > Ig > Tf > BSA, in particular, for THP-1 cells (Fig. 5 A and C) .
The reason why BFG-coated SWCNTs have no toxicity might be related to the way the adsorbed proteins rearrange on SWCNTs. Distinct from other proteins, BFG proteins can rearrange themselves on the SWCNT surface with the most compact form and the most layers (five layers as compared to two or three layers for other proteins), which may effectively protect cells from the exposure of SWCNT surfaces. Interestingly, our results also show that cell viability of SWCNTs with fewer BFG proteins adsorbed was obviously less than those with saturated adsorption of BFG (Fig. S7B) . When the BFG adsorption was saturated (ca. 12.8 μg∕mL BFG), cellular toxicity decreased to levels no longer observable, whereas when the BFG adsorption was nonsaturated (ca. 1.6 μg∕mL BFG), the cytotoxicity rises again obviously.
Interestingly, Holt et al. recently found that the dispersed SWCNTs are relatively benign with regard to cytotoxicity (47) . The purified and dispersed SWCNTs can induce actin bundling in cells and in purified model actin systems. However, purified and isolated SWCNTs do not induce acute cell death, but cell proliferation is greatly reduced in SWCNT-treated cells with an increase in actin-related division defects, and this subcellular reorganization may cause chronic changes to cellular functions (47) . Another very recent work by Holt et al. has shown that BSA can individually disperse SWCNTs at concentrations of up to 0.3 mg mL −1 while retaining SWCNTs' optical properties; and furthermore, the BSA-dispersed SWCNTs can be uptaken by human mesenchymal stem cells and HeLa cells without apparent acute deleterious cellular effects (48) . These important researches have shed light on the biological effects of CNTs at the cellular level. On the other hand, it has been shown previously that the cytotoxicity can depend on different cell lines; for example, Au nanorods have distinct effects on cell viability via killing cancer cells while posing negligible impact on normal cells and mesenchymal stem cells (49) .
In general, it is less likely for a protein to be associated and taken up by a cell if it is not recognized by any receptors on the surface of the cell, or if it is bound to nanoparticles without presenting a relevant receptor-binding sequence. After all, cells associate and take up only the proteins they need. A naked particle surface might have much greater nonspecific affinity to the cell surface than a particle hiding behind a corona of bystander proteins (50) . However, if a long-lived protein corona that presents the relevant receptor-binding sites is in contact with the cells long enough, they can activate the cell's uptake machinery in a process known as endocytosis. Effectively, the long-lived proteins give the nanoparticle its biological identity-either by muting the interactions or switching on the cellular machinery (25, 31, 51) .
In the complex blood environment, the spontaneous and rapid binding of blood proteins to SWCNTs would have an influence on engulfing and eliminating processes by immune cells in the bloodstream, such as monocytes, platelets, leukocytes, and dendritic cells. The interaction of blood proteins (BSA, Tf, BFG, Ig, etc.) with CNTs may influence their uptake, clearance, distribution, and delivery to the intended target sites, and hence potentially affect their toxicity and biological effects on the organism.
Conclusions
As the blood circulation system is most likely the first entry of nanoparticles in the human body, it is critical to understand how adsorption of blood proteins onto nanoparticles alters the propensity of coated nanoparticles, which in turn associate with other biological interfaces, and thereafter produce cellular responses and other biological effects. Our results demonstrated the interaction processes between SWCNTs and human blood proteins, fibrinogen, immunoglobulin, albumin, transferrin, and ferritin, using both experimental and theoretical approaches. AFM images indicated that the adsorption of Tf and BSA quickly reaches thermodynamic equilibrium in only about 10 min, whereas BFG and Ig gradually packed onto the SWCNT surface in a much longer period of approximately 5 h. Both fluorescence spectroscopy and SDS-PAGE have shown surprising competitive adsorptions among all the blood proteins examined, with a competitive order BFG > Ig > Tf > BSA. CD observation also shows that the protein secondary structure has changed significantly for BFG and Ig, with a decrease in the α-helical content and an increase in the β-sheet structure. In addition, our molecular dynamics simulations on SWCNTs binding with BFG, BSA, Ig, and Tf complexes showed that both the contact residue numbers and binding surface areas exhibited the same order: BFG > Ig > Tf > BSA, in agreement with the experimental findings. Further analysis showed that the π-π stacking interactions between SWCNTs and aromatic residues (Trp, Phe, Tyr) play a critical role in their binding capabilities. The selective binding of these proteins on the SWCNT surface can affect the cellular responses and result in different cytotoxicity. These findings might provide more insight into our understanding of how to preconsider and design the safe surface of nanoparticles in biomedical applications.
Materials and Methods
Materials. High-purified (purity > 90 wt %) SWCNTs (outer diameter <2 nm and 5 to approximately 30 μm in bundle length) were purchased from Chengdu Organic Chemical Company, Chinese Academy of Science. BSA was obtained from Solarbio. BFG, Ig, Tf, and ferritin were bought from SigmaAldrich. Coomassie brilliant blue R-250 stain was from Bio-Rad. Prestained protein marker was purchased from New England Bio-Labs. Ultrapure water (18.2 MΩ) was obtained from a Milli-Q integral Pure/Ultrapure Water Production unit.
Molecular Dynamics Computational Methods. The details of the molecular system setup and molecular dynamics simulations are described in the SI Text. In short, we have used NAMD2 to carry out the molecular dynamics simulations on IBM Blue Gene, and used CHARMM force field (c32b1) to describe the protein energy functions. The carbon nanotubes are modeled with (14, 14) -armchair SWCNTs, with carbon atoms having Lennard-Jones parameters ε cc ¼ −0.0700 kcal∕mol, R min ∕2 ¼ 1.9924 Å. The simulations were performed at constant temperature of 310 K and pressure of 1 atm, with the Particle Mesh Ewald method for long-range electrostatic interactions. The cutoff for the van der Waals interaction was set to 12 Å. All systems were simulated in the NPT (fixed number of atoms N, pressure P, and temperature T) ensemble for more than 120 ns (with time step 2 fs).
In Vitro Cytotoxicity. Cellular viability was determined by the CCK-8 assay kits (Dojindo Laboratories) as described in specifications. Briefly, about 5,000 cells were plated onto 96-well plates (Corning). After incubation with the indicated dose of phosphatidylserine for different time at 37°C, reagents of CCK-8 were added following the protocol, and absorbance was recorded at 450 nm. The mean absorbance of nonexposed cells was the reference value for calculating 100% cellular viability. To consistently evaluate the cytotoxicity of pristine SWCNTs and protein-bound SWCNTs, two cell lines, THP-1 and HUVECs (ATCC), were used and cultured in DMEM. Cells were grown to 70% confluence before exposure to each SWCNT sample; each culture plate was incubated in the dark at 37°C∕5% CO 2 for 6 or 12 h.
